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SUMMARY
Preliminary results are presented from a test to evaluate a sensor for measuring
water film thickness. The test was conducted at the Langley Research Center in a
small flow apparatus with a model wing in a water spray. The liquid water content
was between about 0.5 x 10-3 and 2.6 x 10-3 ibm/ft3 (8 and 42 g/m3). The airflow
velocities were 81, 112, and 139 ft/sec, and the wing, with a chord length of 1 ft,
was at pitch attitudes of 4.0° and 9.3°. Photographic and visual observations were
made of the upper wing surface and film thickness was measured on the upper and lower
wing surfaces.
The water spray interaction with the wing section resulted in three distinct
flow characteristics. Ahead of the wing, a bow wave of water droplets was observed.
On the upper wing surface, a continuous water film formed, which had a maximum thick-
ness of about 2 mils at 16.7 percent of the chord length. Finally, between 16.7 and
41.7 percent of the chord length, this continuous film broke down into many discrete
runoff streams extending to the wing trailing edge. Measurements on the lower wing
surface showed that in general, the continuous film extended further aft than on the
upper surface and that the maximum film thickness was about 4 mils at 54.2 percent of
the chord length. Increasing the flow velocity or increasing wing pitch attitude
significantly decreased the thickness of the continuous film on the forward portion
of the wing surfaces.
The performance of the sensor appeared to be highly satisfactory, and where
valid comparisons could be made, repeatable results were obtained.
INTRODUCTION
Studies discussed in references I and 2 have indicated that heavy rain affects
the aerodynamic characteristics of wings and thus may adversely affect aircraft per-
formance. The NASA Langley Research Center and Wallops Flight Center are jointly
conducting an experimental investigation of this effect. A paucity of data exists on
the characteristics and thickness of water films on wings in heavy rain. This report
presents the results of a preliminary study conducted primarily to evaluate a tech-
nique for measuring the water thickness on airfoil surfaces. The water thickness
data were obtained with a nonintrusive resistance-measuring sensor developed for this
test at Langley and described in this report.
SYMBOLS
A cross-sectional area of spray at the wing location, ft2
c wing chord length, in.
LWC liquid water content, ibm/ft3 (g/m3)
Q flow rate, gal/min or ft3/sec
q dynamic pressure, ib/ft2
R Reynolds number based on chord length
U maximum airflow velocity at the centerline, ft/sec
V voltage output of sensors
x chordwise location of sensors aft of wing leading edge, in.
angle of attack, deg
6 water film thickness, in.
6* boundary layer displacement thickness, in.
8 wing pitch attitude relative to tunnel centerline, deg
Pw density of water, Ibm/ft3 (g/m3)
Subscripts:
max maximum value measured during a test run
0 zero water film thickness
ref reference sensor
infinite water film thickness
Abbreviations:
ac alternating current
dc direct current
L.E. leading edge
rpm revolutions per minute
T.E. trailing edge
TEST APPARATUS AND CONDITIONS
Test Apparatus
A sketch of the flow apparatus used in these tests is shown in figure I. The
apparatus ingests ambient air from the surrounding room and exhausts it outside the
building. The peak airflow velocity was 139 ft/sec. The diameter of the apparatus
was 25 in. at the fan and 36 in. at the diffuser exit. The water spray bar and noz-
zle were located about 8 ft upstream of the exit, and a model wing was located about
I ft upstream of the exit. Transparent ports near the exit of the flow apparatus
allowed photographic coverage and direct viewing of the upper wing surface during
testing. A sketch of the water feed system is shown in figure 2.
The wing model was an NACA 0012 airfoil section with a chord length of 12 in.
and a span of 33 in. The wing could be set at a pitch attitude of either 4.0° or
9.3° and was fitted with eight sensors to measure water film thickness. The loca-
tion of these sensors is shown in figure 3.
Sensor
The measuring sensor for water thickness is shown in figure 4. This is a varia-
tion of the sensor discussed in reference 3, which was coaxial. The sensor used in
the current study consisted of two metal electrodes separated by a nylon insulator.
However, the sensor electrodes were aligned relative to the wind, so that the mea-
surements were made at the same chordwise position. The sensor measured the water
thickness by measuring the resistance of the water over the electrodes. The circuit
used to indicate resistance is shown in figure 5. In order to avoid electrolysis and
polarization effects (which cause drift), an ac source (square wave), derived from
the first operational amplifier shown in figure 5, was run through the sensor. The
signal was amplified and converted to dc by the second operational amplifier in fig-
ure 5. The smoothing time constant of 10 msec produced a flat response up to 20 Hz
and a usable response up to about 200 Hz.
Output voltage was converted to water thickness by the calibration curve shown
in figure 6. This curve was obtained by recording the sensor output with a known
thickness of water on the sensor. In this figure, V - V0 is the output voltage of
a typical sensor used to measure a thin water film, and (V_ - V0)ref is the output
voltage of a reference sensor immersed at a depth which is very large with respect to
the distance between the electrodes. This method of calibration accounts for varia-
tions in water resistance which may occur during a run or between runs. In this
test, the reference sensor was located in a calibration chamber upstream of the spray
bar and nozzle (see fig. 2). Although only very thin films were measured in this
test, figure 6 shows that the sensor output is linear for 6 < 0.03 in. and usable
for 6 < 0.12 in.
The wing was drilled and slotted to accept the sensor plugs and lead wires, and
the electrodes were mounted flush with the surface. After the sensors and leads were
inserted, the mounting holes and slots were filled and sanded flush. The wing sur-
face (with the exception of the electrodes) was then sprayed with flat black paint
for photographic purposes.
Recorded data consisted of the water flow rate and output voltages from the
sensors in the wing and from the reference sensor in the calibration chamber. Water
tank pressure and fan rpm were also read from gages and recorded for each run. When
the fan speed reached the desired value, the water feed system and data system were
turned on. Data were typically recorded for about 20 to 30 sec per run.
Test Conditions
No attempt was made to characterize the spray pattern during these tests. How-
ever, unpublished results of earlier tests indicated that the droplet sizes in this
apparatus were nearly uniform with diameters of about 15.8 mils, and the spray at the
diffuser exit covered an area of about 4.0 ft2. Test conditions are summarized in
table I. To determine data repeatability some test conditions were investigated more
than once. Tests were made at wing pitch attitudes of 4.0° and 9.3°. Water tank
pressures of 10 and 20 psi resulted in measured water flow rates Q of 3 and
5 gal/min, respectively. Fan speeds of 3000, 4000, and 5000 rpm resulted in maximum
velocities (near the tunnel centerline) of U = 81, 112, and 139 ft/sec, respec-
tively. Figure 7 shows the variation of dynamic pressure at the diffuser exit.
Since the sensors were located in the center of the facility and the primary purpose
of these tests was to evaluate the performance of these sensors, the centerline
velocity was used to define test conditions.
Values of the liquid water content, LWC, corresponding to the test velocities
and water flow rates are shown in figure 8. The values were calculated from
QPwLWC =-UA
Since the cross-sectional area of the spray pattern was not measured in these tests,
the value of A in these calculations was taken to be 4.0 ft2 on the basis of the
earlier tests. Note that the determination of the absolute value of LWC is subject
to considerable error, since the centerline velocity does not act over the entire
spray area. However, using an integrated average velocity over the spray area would
not influence the relative changes in LWC.
Table II lists the maximum film thickness measured in each test run. When more
than one value of 6max was listed in table II for a test condition, the largest
value was plotted in this report. Data are not presented for sensor location 6 on
the upper surface since this sensor was inoperative when the tests began.
RESULTS AND DISCUSSION
Repeatability
From data obtained from duplicated tests, the performance of the sensor appeared
to be highly satisfactory. Although the number of samples is quite low, some indi-
cation of the repeatability of the data can be obtained from the 6max data in
table II. Comparison of the data from sensor 5 on the upper surface and sensors I
and 2 on the lower surface shows that the total spread in 6max for each of these
individual sensors was never greater than 0.6 mil (±0.3 mil). This is felt to repre-
sent a reasonable worse case repeatability for this measurement.
The spread in table II in the 6max data from the other sensors at the same
test conditions is sometimes greater than 0.6 mil. This is believed to be the result
of the rearward location of these sensors in a region where the film was no longer
continuous, but had broken down into runoff streams. As will be discussed later,
when this occurred, the sensors could record either no water thickness or the thick-
ness of a random runoff stream.
Photographic and Visual Observations
Visual and photographic observations were made of the upper wing surface. Three
distinct types of water flow were observed. The first was a sheath of water in front
of the wing, having the appearance of bow wave near the leading edge. This sheath
appeared similar to those observed in some earlier tests on radomes in a water spray.
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On the wing surface itself, there was a continuous water film near the leading edge,
which broke down into a number of runoff streams aft of the continuous sheet.
Figure 9 is a photograph of the wing for @ = 4.0°, U = 139 ft/sec, and
Q = 5 gal/min, and figure 10 is a photograph at the same values of U and Q with
@ = 9.3°. Although the sheath of concentrated droplets is not obvious in these
figures, the continuous film near the leading edge and the runoff streams are evi-
dent at both pitch attitudes. The runoff streams remained attached to the surface
all the way to the trailing edge. Figures 9 and 10 are typical of the upper sur-
face patterns, which showed that the continuous sheet did not extend as far aft as
x/c = 41.7 percent (sensor 7) on the upper surface, but that runoff streams were
present at the x/c = 41.7 and 54.2 percent. These patterns were established very
quickly after the water spray began (within I or 2 sec) and remained essentially the
same throughout the run. When the continuous film broke down, interpretation of the
data was more difficult, since the sensor might record no film thickness or the
thickness of a runoff stream. This effect should be kept in mind when evaluating the
results presented in the following section.
Photographic and visual observations did not show any significant film cratering
due to droplet impacts. This observation is consistent with the result noted in the
test of reference 1.
Film Thickness Measurements
Film thickness distribution.- Film thickness measurements are shown for
@ = 4.0° in figure 11 and for @ = 9.3° in figure 12. (Figs. 11(a) and 12(a) are
for Q = 3 gal/min and figs. 11(b) and 12(b) are for Q = 5 gal/min.)
The available upper surface data in general indicate that the greatest depth
of the continuous film was about 2 mils at x/c = 16.7 percent and that 6max
decreased with increasing distance aft of x/c = 16.7 percent. Exceptions to this
trend are shown in figure 11(a) at x/c = 54.2 percent and U = 81 ft/sec, and in
figure 11(b) at x/c = 41.7 percent and U = 112 ft/sec. Since both of these mea-
suring stations were aft of the observed continuous sheet (see figs. 9 and 10), these
data are believed to indicate the depth of runoff streams rather than the depth of
the continuous film.
The measurements on the lower surface in general show a different trend from
those on the upper surface. The preponderance of the measurements indicate that
6max on this surface increased with increasing x/c to locations further aft than
on the upper surface. The largest film depths indicated on the lower surface were
about 4 mils at x/c = 54.2 percent.
It is interesting to observe that at these low Reynolds numbers, the extent and
the location of the maximum thickness of the continuous water film are similar to
those of the laminar boundary layer. Figure 13 shows the values of 6* predicted
for an NACA 0012 airfoil at _ = 4.0° and 9.3°. The predictions were made using the
method of reference 4; and the value of R (for c = 1.0 ft and U = 112 ft/sec)
was 7.15 × 105• The calculations show that at both values of 5, the laminar bound-
ary layer extends further aft on the lower surface and has a maximum thickness at the
point of transition. The similarity between these trends and those previously noted
for the continuous water film indicates that boundary layer characteristics may
significantly affect the extent and thickness of the water film.
Effect of velocity.- The effect of flow velocity on the film thickness distri-
butions is also shown in figures 11 and 12. In general, all the upper and lower
surface measurements show that an increase in velocity resulted in a significant
decrease in 6max. Unpublished Langley calculations of water film thickness on
spheres in heavy rain have shown that 6 decreases when the liquid water content
decreases. Increasing flow velocity while maintaining constant Q reduces LWC (see
fig. 8) as a result of distributing a given mass of water over larger volumes of
air. The data trends in figures 11 and 12, showing decreasing 6max with increasing
velocity, are consistent with these calculations.
Effect of pitch attitude.- In figure 14, the film thickness distributions at
@ = 4.0° and 9.3° are compared at Q = 3 gal/min and U = 112 ft/sec. At
x/c = 16.7, 29.2, and 41.7 percent, increasing pitch attitude significantly decreased
film thickness. (No valid comparison can be made at x/c = 54.2 percent because at
8 = 4.0°, the continuous film had begun to break down prior to reaching this
station.)
CONCLUDING REMARKS
Preliminary results have been presented from the test of a sensor for measuring
water film thickness in a water spray. The test was conducted in a flow apparatus
with a model wing with a chord length of I ft at pitch attitudes of 4.0° and 9.3°.
Airflow velocities investigated were 81, 112, and 139 ft/sec and water flow rates
were 3 gal/min and 5 gal/min. The liquid water content was between approximately
0.5 x 10-3 and 2.6 x 10-3 ibm/ft3 (8 and 42 g/m3).
Visual and photographic observations of the upper surface indicated that a water
sheath with the appearance of a bow wave occurred ahead of the airfoil leading edge.
The forward portion of the surface was covered with a continuous water film, which
broke down into many discrete runoff streams extending streamwise to the airfoil
trailing edge.
The performance of the sensor appeared to be highly satisfactory, and where
valid comparisons could be made, repeatable results were obtained. Water film thick-
ness measurements indicated that the maximum thickness of the continuous film on the
upper surface was about 2 mils at the 16.7 percent chord location. The thickness of
the continuous film decreased with increasing chord length aft of this location and
broke down into discrete runoff streams prior to reaching the 41.7 percent chord
location. The measurements on the lower surface in general show a different trend.
These data indicate that the thickness of the continuous film increased with increas-
ing chord length to locations further aft than on the upper surface. The largest
film depths on this surface were about 4 mils measured at the 54.2 percent chord
location. The similarity in the trends of the continuous film distributions and the
predicted boundary layer characteristics indicate that boundary layer characteristics
may significantly affect the water film characteristics.
Increasing the flow velocity was found to significantly decrease the depth of
the continuous water film. Increasing wing pitch attitude also significantly
decreased the depth of the continuous water film.
Langley Research Center
National Aeronautics and Space Administration
Hampton, VA 23665
May 29, 1984
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TABLE I.- TEST CONDITIONS
8, Tank Q, Fan U,
_un deg pressure, gal/min speed, ft/sec
psi rpm
8 4.0 10 3 4000 112
9 5000 139
10 4000 112
11 3000 81
12 20 5 3000 81
13 4000 112
14 5000 139
15 4000 112
16 3000 81
17 10 3 3000 81
18 4000 112
19 5000 139
20 4000 112
21 3000 81
30 9.3 10 3 3000 81
31 4000 112
32 5000 139
33 4000 112
34 3000 81
35 20 5 3000 81
36 4000 112
37 5000 139
38 4000 112
39 3000 81
TABLE II.- MEASURED MAXIMUM FILM THICKNESS
6max, mils
g gal/min ft/sec Run Lower surface sensors Upper surface sensors
I 2 3 4 5 7 8
4.0 3 81 11 2.1 2.9 3.8 0 1.7 0.8 0
81 17 2.1 3.0 3.4 .2 2.2 0 0
81 21 1.8 2.4 3.2 0 2.0 0 I.6
112 8 1.3 I.7 0 0 1.5 0 0
112 10 1.5 1.9 .4 .6 1.6 .8 0
112 20 I.3 I.8 2.1 0 1.3 0 0
136 9 1.0 I.I 0 0 1.2 0 0
136 19 I.2 1.2 1.4 0 1.3 0 0
4.0 5 81 12 I.7 2.6 0 0 2.1 0 0
81 16 I.7 2.2 0 0 I.8 0 0
112 13 1.6 2.1 2.9 3.4 I.7 0 0
112 15 1.5 2.2 2.3 3.2 1.3 3.0 0
136 14 1.2 1.5 1.6 1.6 .6 0 0
9.3 3 81 30 .6 I.4 2.0 3.5 2.0 0 0
81 34 .8 1.7 2.0 2.5 I.6 0 0
112 31 0 .9 .9 1.7 0 0 0
136 32 0 .6 I.2 .9 0 0 0
9.3 5 81 35 .6 I.5 2.2 2.1 .6 0 0
81 39 I.I I.8 I.6 2.4 .5 0 0
112 36 .5 1.2 1.1 2.7 0 0 0
112 38 .6 1.2 I.7 2.6 .3 0 0
136 37 .5 .9 .9 I.2 0 0 0
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Figure I.- Sketch of flow apparatus.
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Figure 2.- Diagram of the water feed system.
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Figure 3.- Location of sensors on wing.
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Figure 5.- Resistance-measuring circuit.
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Figure 6.- Sensor calibration curve.
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Figure 7.- Dynamic pressure measurements at diffuser exit. Fan speed
is 5000 rpm.
3 -x 10-3 - 50U, I I.I :)_I.,
81 40
Lwc,2 30Lwc,
139 3
I0
0
0 I 2 3 4 5 6 7 8
Q, gallmin
Figure 8.- Variation of liquid water content with test velocity and flow rate
of water.
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L-84-48
Figure 9.- Typical water film pattern on wing upper surface at 8 = 4.0°.
U = 139 ft/sec; Q = 5 gal/min.
L-84-49
Figure 10.- Typical water film pattern on wing upper surface at 8 = 9.3°.
U = 139 ft/sec; Q = 5 gal/min.
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Figure 11.- Film thicknessdistributionat O = 4.0°.
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Figure 12.- Film thickness distribution at e = 9.3 °.
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Figure 13.- Calculated boundary-layer displacement thickness for two-dimensional
NACA 0012 airfoil. R = 7.15 x 10 ; c = 1.0 ft; U = 112 ft/sec.
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Figure 14.- Effect of pitch attitude on film thickness distribution.
U = 112 ft/sec; Q = 3 gal/min.
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